The neutral pion photoproduction on the proton near threshold has a very small scattering cross section when compared to the charged channels, which in ChPT is explained by strong cancellations between the lowest order pieces. Therefore it is very sensitive to higher-order corrections of chiral perturbation theory. We perform a fully covariant calculation up to chiral order p 3 and we investigate the effect of the inclusion of the ∆(1232) resonance as an explicit degree of freedom. We show that the convergence improves, leading to a much better agreement with data at a wide range of energies.
Introduction
There have been many studies of the pion photoproduction data near threshold in the past few decades [1] [2] [3] [4] [5] [6] [7] [8] [9] , which were in good agreement with the data existing at the time [10, 11] . While ChPT models very well describe the charged channels of pion photoproduction even at tree level, this is not the case for the neutral channels, where the inclusion of higher orders and loop diagrams leads to important contributions. This is due to the strong cancellations between amplitude pieces at lowest order, which makes the cross sections sensitive to even small corrections.
We focus on the study of the neutral pion production channel off the proton. New data from the Mainz Microtron [12] have shown that the existing models fail to converge at O(p 3 ) for energies higher than approximately 20 MeV above threshold, both in a fully covariant approach and in the non-relativistic heavy-baryon approximation [13, 14] . The situation is aggravated by the fact that the corrections coming from the fourth order are very small, although they mean the inclusion of many new free parameters, the low-energy constants of ChPT.
Our strategy is to stay at chiral order p 3 and to include the ∆(1232) resonance as an explicit degree of freedom. This choice is due to the fact that, since the total cross section of the π 0 production off the proton is very small close to threshold, the ∆(1232) resonance could have a quite important contribution [15] , whose effect becomes ever clearer when moving to energies closer to its mass [16] . The effect of the inclusion of this resonance has been thoroughly studied in [17] [18] [19] [20] [21] [22] [23] [24] . We show that, although we are not including any additional fitting constants, the dynamics of the ∆(1232) resonance is a sufficient addition to well describe the experimental input even at photon energies higher than 200 MeV.
The ChPT Lagrangian
We describe the pion production in a fully covariant O(p 3 ) ChPT calculation including nucleons, pions and photons. In this case, the needed terms of the Lagrangian read
with the definitions given in [25] . Furthermore, we include the degrees of freedom of the isospin-3/2 ∆ quadruplet. The relevant terms for the calculations up to the considered order in this paper are
The definitions can be found in [22] and the full set of diagrams in [26] .
The power-counting scheme we follow here is the so-called δ expansion, where the mass difference δ = M ∆ − m is treated as being an additional small quantity of order p 1/2 . This counting is adequate for energies close to the pion production threshold and sufficiently far from the ∆(1232) resonance. The order of a diagram is then given by [27] 
When doing this expansion, the loop diagrams with virtual isospin-3/2 states start appearing only at order p 7/2 . Therefore, for a O(p 3 ) calculation it is sufficient to consider the virtual-∆(1232) tree diagrams only. While ChPT has a clear order-by-order counting when treating mesons only, the inclusion of baryons into the theory leads to the emergence of power-counting breaking terms. They appear in diagrams where baryon propagators are inside of a loop. After integrating over the virtual loop momenta, terms of a lower order than the nominal diagram order might appear. In addition, the usual divergences of dimensional regularization also have to be dealt with. We opt for the EOMS regularization scheme, where both these problems are addressed simultaneously, by absorbing their fully analytical expressions into the low-energy constants of the corresponding order [28, 29] . The success of this renormalization scheme has been thoroughly studied on many physical observables in [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . More specifically, we use the modified minimal subtraction MS scheme [42] .
Results and discussion
With the model introduced in the previous section, we did a χ 2 fit to the data from [12] . At first, we tested the behaviour when not including the spin-3/2 states. We could qualitatively reproduce the results already found in [14] : The cross sections are overestimated near threshold and underestimated at high energies. This is because one is missing the component which describes the steepness of the variation of the cross-section size with the energy. It is solved by including the ∆(1232)-resonance dynamics, although no new fitting constants are introduced. The results are depicted in Fig. 1 . Although the size of the diagrams with virtual isospin-3/2 states is actually very small, they are essential to well describe the data with ChPT. For completeness, we also show the comparison between data and theoretical model of other observables at some example energies in Fig. 2 .
As future prospects, we want to study the effects of the inclusion of the next-order diagrams, which would introduce loop diagrams with virtual isospin-3/2 states. Furthermore, the aim of this study was to show how, when restricting the fitting constants in the exact same way as done previously in models without including the ∆(1232) resonance, the theoretical model converges much better even at high energies. In order to be able to make statements about the values of the low-energy constants, it is necessary to extend this work to other pion-production channels, so being able to have more data and to study different combinations of the low-energy constants. [12] .
